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Abstract: Laser speckle contrast imaging (LSCI) is applied in various biomedical applications
for full-field characterization of blood flow and tissue perfusion. The accuracy of the contrast
interpretation and its conversion to the blood flow index depends on specific parameters of the
optical system and scattering media. One such parameter is the polarisation of detected light,
which is often adjusted to minimize specular reflections and image artefacts. The polarisation’s
effect on the detected light scattering dynamics and, therefore, the accuracy of LSCI data
interpretation requires more detailed investigation. In this study, we used LSCI and Dynamic
Light Scattering Imaging to evaluate the effects of the detected light polarisation when imaging
perfusion in the mouse cortex. We found that cross-polarisation results in a shorter decorrelation
time constant, a higher coherence degree and stronger dynamic scattering compared to the
parallel-polarisation or no-polariser configurations. These results support the cross-polarisation
configuration as the most optimal for brain cortex imaging and suggest against direct or calibrated
comparisons between the contrast recordings made with different polarisation configurations.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Laser speckle contrast imaging (LSCI) is a rapidly developing technology capable of dynamic
characterisation of tissue perfusion with a high spatiotemporal resolution, which has found
multiple applications in brain research [1-6]. It is based on characterising the speckle pattern
generated by the coherent laser light scattered from a sample and recorded with a CMOS or CCD
camera [7,8]. Moving scattering particles in the sample (e.g. red blood cells) cause intensity
fluctuations in the speckle pattern, which appear as blurring when integrated over a sufficiently
long exposure time. The blurring can be subsequently quantified in terms of spatial or temporal
contrast:

2

k=2 _ L/OT (1 - %) cov, (t)dt = E‘/OT(I - %) (g2(r)-1dr, (1)

<I>?2 T<I>? T

where K is the contrast, </> and o are the mean and standard deviation of the intensity,
respectively, T is the exposure time, g>(7) is the intensity autocorrelation function, and 7 is the
time lag. The intensity autocorrelation function is, in turn, related to the field correlation function
and thus to the decorrelation time 7., a quantitative measure of the particles dynamics [8—10].
The most recent model, which includes static scattering as well as different dynamic regimes, is
described as [11]:

2(7) = 1+ Bp*(dlgi™ ()| + (1=d)|gi= (D) +24/B(1 - p)pdlgi™ (7)| + (1 = Dlgi~ (7)) + C,

@)
where g7(7) = exp(—(7/7.)"); 7. is the decorrelation time constant, S reflects the coherence
degree and averaging of speckle dynamics, p represents the fraction of the dynamic scattering
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component, and C is an offset caused by measurement noise. X depends on the secondary type
of dynamics with a value of 0.5 for multiple scattering from unordered motion (MU, 5) [12,13]
or 2 for single scattering from ordered motion (SO,-,) [12,14], and d, which takes values from 0
to 1 [11], represents the influence of the n = X component compared to the single scattering
from unordered or multiple scattering from ordered dynamics (SU/MO,=1) [7,12].

Values of the parameters described above are critical in establishing the relationship between
contrast and the decorrelation time and, thus, perfusion. Generally, it is assumed that the
coherence degree parameter 8 accounts for the features of the optical system [8,11,15-17], C for
all possible noise-contributing factors [9,11,18], while 7., p, d and n reflect the properties of
the dynamic scattering media [9,11,18,19]. In the experimental settings, however, the effects of
some optical features are entangled with the "tissue parameters" as well. One such feature is the
polarisation of the detected light, the importance of which has been highlighted throughout the
history of LSCI [8,15,20-24]. Polarisation of scattered light from a linearly polarised laser light
source starts linearly polarised for single-scattered photons and becomes more unpolarised with
more scattering events [20,21]. The unpolarised light can be further represented by an incoherent
combination of vertical and horizontal linearly polarised light, which cannot form an interference
pattern according to the 3rd Fresnel-Argo law. Introducing a linear polariser in the LSCI
detection path removes one of the incoherent components and, therefore, should theoretically
double the coherence degree () and increase the contrast range. Furthermore, adjusting the
polarisation angle makes it possible to achieve "cross"-polarisation and filter out the linearly
polarised component that originated from single scattering. Traditionally, cross-polarisation is
used to reduce specular reflection artefacts, but potentially, it may also change the dynamics
regime and make LSCI more sensitive to deeper dynamics [11,23-25].

In the present study, we use LSCI combined with Dynamic Light Scattering Imaging (DLSI)
to evaluate the effects of three different polarisation configurations (np - no-polariser, pp - linear
polariser in the "parallel” orientation, and cp - linear polariser in the "cross" orientation) on the
dynamic light scattering parameters and the contrast interpretation when imaging mouse cortex.
We find the average contrast in the cross-polarisation configuration to be noticeably lower than
for parallel-polarisation and demonstrate the underlying changes in the intensity autocorrelation
function shape. We associate the shape differences with changes in the decorrelation time, static
scattering and coherence degree parameters, measured with DLSI. Finally, we suggest possible
explanations for such changes and discuss the potential consequences of our observations for
LSCI applications.

2. Methods
Animal preparation and imaging

All experimental protocols were approved by the Danish National Animal Experiments In-
spectorate and conducted according to the ARRIVE guidelines and guidelines from Directive
2010/63/EU of the European Parliament on the protection of animals used for scientific purposes.
Five 14-week-old C57B16 mice with chronically installed optical windows in the somatosensory
cortex area were used. The surgical procedure is standard and was described in detail in previous
studies [3,26,27]. Briefly, a craniotomy and installation of an optically transparent 4 mm round
glass and metal head plate were performed in anaesthetized mice (3% isoflurane in oxygen initial
anaesthesia, reduced to 1.5% during the surgery). After surgery, mice were allowed to recover
for 10 days before imaging, receiving medication (Bupremorphine, Carprofen, Ampicillin)
intraperitoneally for four days following surgery. During surgery and imaging sessions, animals
were placed on a homeothermic heating pad to maintain body temperature at 37°C. During the
imaging sessions, the head plates were fixated in a custom-made mount, and 1.5% isoflurane was
delivered to the animals via a non-tight mask at a level just enough to maintain the anaesthetized
condition.
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Laser Speckle Contrast Imaging and Dynamic Light Scattering Imaging were performed
to assess brain perfusion in each mouse using a custom-made imaging system. The light
from a fibre-coupled volume holographic grating stabilized laser diode (785 nm, Thorlabs
FPV785P), controlled with a laser driver (Thorlabs LDC210C) and temperature controller
(Thorlabs TED200C) was delivered on the cranial window from the side at ~ 80 degrees angle.
The back-scattered light collected by the objective (Leica N PLAN 2.5x, NA=0.07) passed
through a variable neutral density filter and a linear polariser (Thorlabs LPNIRB100). The
polariser was adjusted to "cross" or "parallel" orientations when collecting the c¢p and pp data
or removed when recording the np data. The neutral density filter was adjusted accordingly to
maintain approximately the same average intensity over the field of view for all polarisation
conditions. The resulting speckle patterns were recorded for 4 seconds, using a high-speed
CMOS camera (Photron Nova S6, 20x20 um? pixels), operating at a frame rate of 30000 frames
(512x384 pixels, #3x2.25 mm field of view) per second and exposure time T=0.033 ms. The
speckle-to-pixel size ratio of the system was estimated to be ~ 0.7, which, according to our most
recent study [28], should provide an excellent signal-to-noise ratio but a reduced value of the
coherence degree parameter 3 [8,28]. A static phantom was used to estimate the value of the
coherence degree parameter, which was found to be 5 ~0.4. As in our previous studies [11,16],
the static scattering phantom was a rough (non-glossy) white paper that ensures a fully developed
speckle pattern and a speckle contrast of 1 at S=1.

Data analysis

Both LSCI and DLSI data processing were described in detail in previous studies [8,11], and
therefore, we only provide a concise overview. For LSCI analysis, frames with exposure time
T=5 ms were produced by averaging 151 raw intensity frames. The contrast was calculated as
K= % where o-(I) and </> are the standard deviation and the mean of intensity, which were
calculated over 5x5 pixels neighbourhood or over 25 frames for spatial and temporal contrast
(K, and K;), respectively [8,28,29]. For the DLSI analysis, we calculated normalized intensity

autocorrelation function g2(t) as:

(1) = UDI(t + 1))
&2(7) = a0z

where [ is the intensity recorded at a specific pixel, ¢ is the time corresponding to the current
frame, and 7 is the time lag value ranging from O to 33ms. For the follow-up comparison and
DLSI fitting, we identified 3 different types of regions of interest (ROIs): 1) relatively large
vessels (2nd branch of the middle cerebral artery, N=1 per animal), 2) small vessels (on the scale
of 5th branch of the middle cerebral artery, N=5 per animal) and 3) parenchyma (all pixels not
belonging to visible vessels). The ROIs were selected using semi-manual segmentation based on
adaptive thresholding of the average temporal contrast images. Average g»(7) was calculated
for each ROI type in each animal and fitted using the DLSI model (Eq. (2)). For visualisation
purposes, parameters n and d were combined in parameter d’ ranging from O to 2, where d’ = 0
represents multiple scattering unordered motion, d’ = 1 - single scattering unordered motion
or multiple scattering ordered motion and d” = 2 - single scattering ordered motion. Statistical
analysis was performed using paired t-test where relevant, with exact p-values being reported.
For data averaged across animals, mean and standard deviation values are reported.

3

3. Results

Examples of laser speckle contrast images for different polarisation modes are shown in Fig. 1.
Averaged across animals and the field of view, the pp configuration results in the highest contrast
KfP = 0.204 + 0.021 and K = 0.194 + 0.016. The cp configuration has a significantly lower
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contrast with K7’ = 0.148 £0.013 (x*p = 8.7e—04) and K;” = 0.1513+0.012 (+xp = 3.1e— 04).
For np, the contrast has further decreased to K.¥ = 0.147 +0.011 and K;” = 0.140 + 0.008,
being significantly lower than the contrast in the pp (p = 0.0015 and p = 9¢ — 04) but not
in the ¢p (p = 0.82 and p = 0.1229) configurations. The difference between np and pp is
expected - the coherence degree decreases because non-polarised light contains two incoherent
components, thus resulting in lower contrast for the np configuration. For cross-polarisation,
however, no reduction in the coherence degree is expected. Therefore, K being similar to
K, but significantly lower than K”” can only be explained by cross-polarisation changing the
scattering media parameters, such as the decorrelation time constant or the degree of dynamic
scattering.

No polarizer (np) Parallel-polarization (pp) Cross-polarization (cp)
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Spatial contrast
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Fig. 1. Examples of laser speckle contrast images for the no-polariser (A, D), parallel-
polarisation (B, E) and cross-polarisation (C, F) configurations. The images show that for
spatial (A-C) and temporal (D-F) analysis, c¢p and np result in much lower contrast values
than pp, implying differences in the dynamic light scattering parameters.

To understand the underlying dynamic light scattering differences, we performed DLSI
recordings and analysis. Exemplary images of the intensity autocorrelation function at the
zero time-lag (g>(0)) are shown in Fig 2, A-C. Average g»(0) is the highest in the ¢p with
£2(0)? = 1.295 + 0.034, followed by the pp g2(0)P = 1.282 + 0.023 and then by the np
configuration g,(0)”” = 1.164 + 0.007. The g,(0)"” being significantly lower than g,(0)?” and



Vol. 15, No. 1/1 Jan 2024/ Biomedical Optics Express =~ 340 |
Biomedical Optics EXPRESS -

2(0)? (p = 1.3e —4 and p = 7.3e — 4 respectively) is expected due to the coherence degree being
reduced in the presence of both incoherent components of the unpolarised light. At the same time,
£2(0)? being larger than g,(0)”? implies that the coherence degree and / or the degree of dynamic
scattering is higher for cross-polarisation. Neither, however, can explain the contrast decrease
in the ¢p configuration. On the contrary, more dynamic scattering would result in a higher K,
while a higher coherence degree will increase both K; and K;. Consequently, the decrease in
contrast caused by cross-polarisation can only be explained by differences in the shape of g»(7),
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Fig. 2. Intensity autocorrelation function g,(7) for different polarisations and regions of
interest. A-C, examples of per-pixel g,(0) for np, pp and cp polarisation configurations
respectively. The maximum g,(0) is noticeably below the theoretical value of 2 due to
the reduced coherence degree and small speckle-to-pixel size ratio (according to the static
scattering phantom measurements g is ~ 0.4, see Methods section). D-F, g»(7) corresponding
to large vessels, small vessels and parenchymal regions of interest. Please note that g,(7)
were calculated over a sufficient number of time lags to reach g,(7) = 1, but to keep the
axis limits the same between subplots, only the first 33.3 ms were shown. G-H, correlation
ratio for ¢p and pp in comparison to np, corresponding to large vessels, small vessels and
parenchymal regions of interest.
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which decorrelates noticeably faster for the cp than the pp and np configurations (Fig. 2, D-F).
The difference is less noticeable for large vessels, becomes more pronounced in small vessels and
is most prominent in the parenchyma. It becomes even more evident when the correlation ratio,
g (1)-1 or gy (0)-1
& @)1 7 gl)-17
ratio fluctuates around 2 with little time-lag dependency, which fits well with the coherence
degree S8 being the primary difference compared to the np configuration. However, for the cp
configuration, the ratio decreases below 1, despite starting at the highest point, implying a shorter
decorrelation time constant 7. and changes in other parameters responsible for the shape of the
intensity autocorrelation function. A possible explanation for such difference would be that the
detected photons in the cp configuration are mostly multiple-scattered, reaching deeper layers of
the parenchyma rather than single-scattered photons from the less perfused superficial layers.
Additionally of interest, a "plateau” can be observed in the parenchymal g’z’p (r) and g;'p (1), lasting
from 7 = 10 to 20 ms. Such shape inconsistency might reflect the presence of other dynamics
(e.g. cellular motility) much slower than the motion of red blood cells, which is expected to
decorrelate within 5 ms [11,18,30].

Results of the DLSI model (Eq. 2) fitting for the respective regions of interest are summarised
in Fig. 3. Polaraiser in "cross"-orientation, on average, resulted in a shorter decorrelation time
7. and higher coherence degree S, matching well observations made based on Fig. 2. The
cp coherence degree (B ~ 0.42) also closely matches the calibration with static phantom
(B = 0.4). The lower coherence degree in the pp configuration could be explained by the same
pixel integrating non-interfering multiple (originally unpolarized) and single-scattered light. For
other parameters, however, the fitting results are less consistent and challenging to explain. In
particular, the dynamic scattering component p appears to be the lowest in the pp, followed
by the cp and only then the np configuration. Such an order is unexpected - considering the
ratios between the multiple- and single-scattered light and assuming that the latter comes from
the surface layers with more static scattering, one would expect the contribution of dynamic
scattering for the np to lie between the respective values for the cp and pp configuration. Likewise,
one would expect parameter d’ to be the lowest in the ¢p and the highest in the pp configuration.
The fitting results, however, appear to be inconsistent with such an assumption. The mismatch
between the expectations and the fitted values of p and d’ can possibly be attributed to the fitting
error. The error is primarily caused by fitting a limited number of meaningful data points (=10
for large vessels, ~100-200 for parenchyma) using a model with five parameters, some of which
have minuscule differences in their effects.

calculated as

is examined (Fig. 2, G-I). The parallel-polarisation correlation
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Fig. 3. Results of the DLSI model (Eq. 2) fitting for different polarisations, corresponding
to the three regions of interest - parenchyma (A), small vessels (B) and large vessels (C).
Please note that parameter C is reported multiplied by 10 for visualisation purposes.
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To address the problem of the fitting quality and identify parameters most likely responsible
for the observed differences in the shape of g>(7), we attempted fitting with a reduced number of
active parameters. More specifically, we fixed all of the parameters at values obtained for a specific
regime (e.g. np) and attempted to fit the data from the other two configurations by sequentially
removing the constraint, first from pairs of parameters (7, c; p, c; 8, ¢; d, c) and then triplets
of parameters (7, p, ¢;7, B, ¢; 7,d, ¢; p, B, c; p,d, c; B,d, c; ). Parameter ¢ was always included
as it defines constant offset and, therefore, is required for adequate fitting and produces little
interference on other parameters. In total, the fitting was performed for all 9 pairs of configurations
(including e.g. both np to pp and pp to np). The resulting sum of squares due to error (SSE),

cp <« pp Cp <> np pp <> np
A B :/1C

100

104

Large vessels
Relative SSE
1+
L —
1+
R |
e i
(-
HO
[T H
— i
R
[
.
P TH
F
- o+
-l
beeeno-{H
===
k

T}
[ —
1+

100

" ' BH@BBB“ afiafl

102

Small vessels
Relative SSE
i}
+[IH
[
T

H{Th
—Th
F
1
——

[Th
ki
v

LB ik o

4 + _ -
10 R .
© W g 85 m
Ew . I I - - 5
>0 £ 5 | B Qﬁ;
%G} E ' B L
c = o EB Ao = s Cot -
9 © 10? E e —BH .. L
T O H oL
e Tl ﬂ HB
H e
§ &
. i
1 = =
h= =2 - &
0000000000 UGB BBG68B6 0606660606040
CETTTETAa fabdTETI AT A PaaTaTay $AT
Lad faa k2 L aa La @ Laa L S a

Fig. 4. The sum of squares due to error (SSE) obtained for different pairs or triplets of fitting
parameters relative to SSE obtained using the 5-parameters model. Rows correspond to
different regions of interest - large vessels (A-C), small vessels (D-F) and parenchyma (G-I).
Columns reflect configuration pairs with respect to the fitting process. Relative SSE getting
closer to 1, means that fitting with a respective limited model (e.g. only with 7., 8 and ¢)
gets more comparable in quality to the complete model with five active parameters, and
therefore, that the respective subset of the parameters is sufficient to explain the difference
between the polarisation configurations.
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relative to the one obtained with 5-parameters fit, is shown in Fig. 4. Overall, the combination
of 7, B and ¢ parameters demonstrated the best performance, achieving SSE only 1.5 times
larger than the S-parameters fit when averaged across all regions of interest and configurations.
The corresponding average parameters ratios were as follows: 7. : 727 : 7.7 = 1:1.52 : 0.85,
B pPP o BP =1:1.85:230,and ¢ : PP : ¢P =1 :2.25:0.45. The second-best
combination (p, 83, ¢) and the third-best combination (8, d, c¢) resulted in the average SSE 12
and 99 times larger than the 5-parameters fit, respectively. With the other parameters restricted,
the dynamic scattering component in the second-best combination was largest in the cp and
lowest in the pp configuration with the ratio p"” : p7 : p” =1 :0.87 : 1.09 well matching our
assumptions described above.

4. Conclusion

In the present study, we have explored the effects of detected light polarisation on dynamic light
scattering parameters and how it should be accounted for when interpreting LSCI data. We
found that cross-polarisation results in similar contrast values as no-polariser configuration, both
significantly lower than the contrast obtained with parallel-polarisation. Our in-depth DLSI
analysis suggests that the differences between the polarisation configurations can be primarily
explained by changes in the coherence degree, decorrelation time constant and, possibly, the
degree of dynamic scattering contribution. The coherence degree S increased by 85% in the
pp and by 130% in the cp compared to the np configuration. Two factors can explain such a
difference: 1) in the np configuration, both incoherent components of unpolarised light are present,
reducing the coherence degree by half, and 2) in the pp and np configurations, non-interfering
single-scattered and multiple-scattered photons are integrated on the sensor, further reducing
the coherence degree. The decorrelation time constant 7, is increased by 52% in the pp but
decreased by 15% in the cp, compared to the np configuration. It corresponds to the underlying
dynamics ( Tlc) in cp being 18% faster than in np and 79% faster than in the pp configuration and
can be explained by multiple-scattered photons sampling dynamics from deeper, more perfused
regions. Likewise, it would explain why, with the decorrelation time being fixed, the degree
of the dynamic scattering contribution is decreased by 6% in the pp and increased by 9% in
the cp compared to the np configuration. Contrary to our expectations, the dynamics regime
parameter d’ was not significantly affected and did not appear to be a key parameter in explaining
the difference between the configurations (Fig. 4). Given these points, however, it is essential to
note the limitations of fitting the complete DLSI model with 5 parameters when studying minor
alterations in the shape of the intensity autocorrelation function. To address this problem, we have
attempted fitting various sets of 2 and 3 parameters, identifying the ones producing the minimal
error. Despite this, the actual parameters’ values and the respective ratios might differ slightly
from those we have obtained, as, e.g. both 7. and p are expected to change simultaneously.
Furthermore, as we note from Fig. 2, np and pp configurations appear to contain additional
dynamics decorrelating at 7 ~ 25 ms, much slower than expected for the red blood cells motion.
Studying slow dynamics might be an unexpected benefit of using parallel-polarisation and should
be explored further, which would, however, require introducing multiple decorrelation times
in the DLSI model. Except for the slow dynamics, our results show that cross-polarisation is
likely the most optimal choice for mouse cortex imaging, as it 1) allows the highest coherence
degree, 2) is least affected by the static scattering, and 3) should be capable of characterising
the perfusion at deeper cortex regions. The coherence degree fitted for the cp configuration -
~ 0.42 in the parenchyma (Fig. 2) is also the closest to 8 ~ 0.4 estimated using static phantom,
making it easier to calibrate. Cross-polarisation is also expected to be the most beneficial regime
for trans-cranial studies [31], as it allows deeper penetration and reduces specular reflections.
Conversely, the coherence degree of pp and np regimes is more challenging to estimate, as it is
also affected by the single- and multiple-scattered photons integration. Considering differences in



Research Article Vol. 15, No. 1/1 Jan 2024 / Biomedical Optics Express 344 |

Biomedical Optics EXPRESS -~

measured dynamics, comparing the contrast obtained using different polarisation configurations
is highly inadvisable and should be avoided even for relative measurements.
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